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ABSTRACT
Absorption plays a critical role in a variety of optical applications – sometimes it is desirable to
minimize it as in optical fibers and waveguides, or to enhance it as in solar cells and
photodetectors. We describe here a new optical scheme that controllably produces high optical
absorption over a broad wavelength range (hundreds of nm) in systems that have low intrinsic
absorption over the same range. This effect, 'coherent perfect absorption' or CPA, arises from a
subtle interplay between interference and absorption of two beams incident on a weakly
absorbing medium.
In the first part of this study, we present an analytical model that captures the relevant
physics of CPA in one-dimensional photonic structures. This model elucidates an absorptionmediated interference effect that underlies CPA – an effect that is normally forbidden in
Hermitian systems, but is allowed when conservation of energy is violated due to the inclusion
of loss. As a concrete example, we consider a Fabry-Pérot resonator containing a lossy dielectric
and confirm this model through a computational study of a 1-micron-thick silicon layer in a
cavity formed of dispersive mirrors with aperiodic multilayer design. We confirm that one may
achieve 100% absorption in this thin silicon layer (whose intrinsic absorption is only ~ 3%) in the
near-infrared.
We then design two device models using few-micron-thick aperiodic planar dielectric mirrors
and demonstrate (computationally, as well as experimentally) spectrally flat, coherently
enhanced absorption at the theoretical limit in a 2-micron-thick film of polycrystalline silicon
ii

embedded in symmetric and asymmetric cavities. This coherent effect is observed over an
octave-spanning wavelength range of ~800 – 1600 nm utilizing incoherent light in the nearinfrared, exploiting mirrors that have wavelength-dependent reflectivity devised to
counterbalance the decline in silicon’s intrinsic absorption at long wavelengths. We anticipate
that the design principles established here may be extended to other materials, broader
spectral ranges, and large surface areas.
Finally, we study the effect of the angle of incidence on CPA in planar structures. The results
of this study point to a path for realizing CPA in such systems continuously over large
bandwidths.
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1. INTRODUCTION
Optical absorption at a given wavelength is typically viewed as an intrinsic materials
property. New schemes exploiting useful consequences of controlling the spatial distribution of
optical losses [1–3], or in combination with judiciously placed optical gain [4, 5], are now
emerging as part of the burgeoning effort on non-Hermitian photonic structures [6]. To
increase absorption in an optical system, a material with heavy loss may be inserted. However,
there are critical scenarios where this approach cannot be exploited. Cost or design
considerations may allow for only a thin layer of the lossy material to be included, as in thinfilm solar cells. Alternatively, in some arrangements the overall absorption does not increase
even when more loss is incorporated, as is the case in certain interferometers.
Coherent perfect absorption (CPA) [7] is a new optical scheme that produces high
absorption in systems that have low intrinsic losses [8, 9]. By interfering two beams in a lossy
material – typically contained in a multipass interferometer such as a Fabry-Perot (FP)
resonator –increased absorption is observed with respect to that experienced by each beam
separately. The effect appears counter-intuitive: while a single beam is weakly absorbed [Fig. 11(a)], adding a second beam results in both beams being completely absorbed [Fig. 1-1(b)]. This
linear phenomenon has been termed ‘lasing-in-reverse’ and has been investigated in terms of
the mathematical behavior of the poles and zeros of the system scattering matrix.
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Figure 1-1: (a) Schematic depiction of the one- and (b) two-sided incidence schemes.

In recent years, multiple studies have been published exploring the theoretical properties of
time-reversal symmetry of the laser generation process [7,8,9], where resonance in a cavity
with a gain medium (negative imaginary refractive index) produces coherent optical radiation
of a single frequency. Applying the same equations under time reversal, by replacing the gain
medium with an absorbing medium (positive imaginary refractive index), one should expect
heightened absorption under resonance conditions [7]. This effect has been theoretically
analyzed and experimentally demonstrated in a paper by A. D. Stone et al. [8]. The Si-based
experiment in Ref. [8] was carried out tuning a laser over a 3-nm bandwidth in a 100-μm-thick
Si film.
It should be pointed out all these CPA studies are based on single-frequency coherent
light. Our work introduces radical departures with respect to previous experimental
investigations. To date, CPA has been observed only over narrow bandwidths: 3 nm in Ref. [8]
and at a single laser wavelength in Refs. [15-17]. Proposals have been made to realize CPA at
two distinct wavelengths [18] or over a broad band through modifications of the material’s
properties (via doping in the case of Si [19]), but experimental observations have not been
forthcoming. Our goal here is to address the following challenge: given a specific material, can
2

one arrange for its effective absorption – without modifying the material itself – to be
controllably enhanced beyond its intrinsic absorption over a broad spectrum?
In our work, the design of novel dielectric mirrors extends the CPA bandwidth to a
record octave in Si and, crucially, we utilize incoherent – rather than coherent – light, thereby
expanding the scope of potential applications. Our strategy for coherently enhancing
absorption is amenable to a wide range of materials other than Si and uses only planar
technology, readily allowing implementation on large surface areas and flexible substrates.
In this thesis we present an analytical model for achieving CPA with broadband
incoherent incident light in one-dimensional (1D) photonic structures using multilayer optics
analysis [10–12]. From this perspective, CPA is an absorption-mediated interferometric effect in
systems where conservation of energy and reciprocity are violated by including loss.
Traditionally, it is thought that losses reduce interferometric visibility. In contrast, absorption in
CPA produces an interferometric effect that is normally forbidden in lossless structures. Our
analytical model, besides its conceptual clarity, provides the basis for optimizing the structure
parameters by establishing the general criteria for maximizing CPA. We apply our analysis to a
FP resonator consisting of a thin silicon film sandwiched between Bragg mirrors to achieve
near-infrared CPA.
Before proceeding to our model, we first present a simple example to illustrate how
adding a beam to a linear passive optical system may increase the overall absorption. In Fig. 12(a) we depict a balanced Mach-Zehnder interferometer in which a dielectric layer with
attenuation factor ϒ is placed in one arm.
3

Figure 1-2: (a) Schematic of a balanced Mach-Zehnder interferometer (formed of two symmetric beam splitters BS1
and BS2) with an absorber placed in the lower arm having an absorption factor ϒ. (b) Three configurations for the
beams at the interferometer beam input beam splitter BS1 to control the path the beam is directed to. (i.) The
beam is split between the two output ports. (ii.) Two equal-amplitude input beams with an appropriate relative
phase are directed together to one port where the lossy element resides. (iii.) The relative phase is changed by π
(with respect to ii.) to direct the two beams to the interferometer reference arm.

For symmetric 50/50 beam splitters, the sum of the two interferometer outputs is
1

1

𝑃𝑡 = 𝑃1 + 𝑃2 = 2 (1 + 𝛾), and 𝑃𝑡 → 2 for 𝛾 → 0. If instead the input beam is divided between
the two input ports of the interferometer with an appropriate relative phase [Fig. 1-2(b)], then
both beams are directed together to one arm, leading either to complete extinction [Pt→0, Fig.
1-2(b)-ii] or zero absorption [Pt=1, Fig. 1-2(b)-iii]. This example highlights that interference
outside the lossy medium may indeed increase absorption by directing the incident energy
solely to the lossy element. We show below that CPA is related to this effect when a low-loss
material is placed in a multi-pass configuration.
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2. SCATTERING AND TRANSFER MATRIX FORMALISMS
To determine the general criteria for a lossy system to achieve CPA, we consider a generic 1D
optical configuration described by a 2×2 scattering matrix S [Fig. 2-1]:
𝑠11
𝐒 = (𝑠

𝑠12
𝑡𝐿
𝑠22 ) = (𝑟𝐿

21

𝑟𝑅
𝑡𝑅 )

Figure 2-1: A generic two-port optical system (black box) described by a scattering matrix S. The red solid arrows
are the inputs (aL and bR) and the dashed blue arrows the outputs (bL and aR).

Here 𝑡𝐿 , 𝑟𝐿 , 𝑡𝑅 , 𝑟𝑅 are the field transmission and reflection coefficients for left (L) or right (R)
incidence. We assume the left and right ambient media are the same for simplicity.
The transfer matrix T, on the other hand, relates the field amplitudes in the left and right
𝑡
planes, 𝐓 = (𝑡11

21

𝑡12
𝑡22 ). The interrelations between the S and T representations may be

summarized as follows:
1

𝑠11 = 𝑡𝐿 = 𝑡

11

,

𝑡

𝑠21 = 𝑟𝐿 = 𝑡21 ,
11

𝑡

𝑠12 = 𝑟𝑅 = − 𝑡12
11

𝑠22 = 𝑡𝑅 =

det𝐓
𝑡11

or alternatively:
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1

1

𝐿

11

𝑡11 = 𝑡 = 𝑠
𝑡21 =

𝑟𝐿
𝑡𝐿

𝑟

𝑠

𝑡12 = − 𝑡𝑅 = − 𝑠12

,

𝐿

𝑠

= 𝑠21 ,

𝑡22 =

11

𝑡𝑅 𝑡𝐿 −𝑟𝐿 𝑟𝑅
𝑡𝐿

11

=

det𝐒
𝑠11

Figure 2-2: (a) Scattering-matrix S and (b) transfer-matrix T representations of a two-port system. Red and blue
arrows correspond to the input and output amplitudes, respectively, for the linear transformations.

In general, the scattering matrix S is characterized by 8 real parameters, 4 amplitudes and 4
phases for its elements:
𝑡𝐿 = |𝑡𝐿 | 𝑒 𝑖𝛽𝐿 ,

𝑟𝐿 = |𝑟𝐿 | 𝑒 𝑖𝛼𝐿

𝑡𝑅 = |𝑡𝑅 | 𝑒 𝑖𝛽𝑅 ,

𝑟𝑅 = |𝑟𝑅 | 𝑒 𝑖𝛼𝑅

As a starting point, we consider a lossless or Hermitian system:
𝑎𝑅 = 𝑡𝐿 𝑎𝐿 + 𝑟𝑅 𝑏𝑅
𝑏𝐿 = 𝑟𝐿 𝑎𝐿 + 𝑡𝑅 𝑏𝑅
Conservation of energy in a such a system implies that:
|𝑎𝐿 |2 + |𝑏𝑅 |2 = |𝑎𝑅 |2 + |𝑏𝐿 |2
which results in:
|𝑡𝐿 |2 + |𝑟𝐿 |2 = 1 ,

by setting 𝑎𝐿 = 1, 𝑏𝑅 = 0

|𝑡𝑅 |2 + |𝑟𝑅 |2 = 1 ,

by setting 𝑎𝐿 = 0, 𝑏𝑅 = 1
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These conditions allow us to eliminate two amplitudes
𝑡𝐿 = cos 𝜃𝐿 𝑒 𝑖𝛽𝐿 ,

𝑟𝐿 = sin 𝜃𝐿 𝑒 𝑖𝛼𝐿

(𝜃𝐿 = 𝛽𝐿 − 𝛼𝐿 )

𝑡𝑅 = cos 𝜃𝑅 𝑒 𝑖𝛽𝑅 ,

𝑟𝑅 = sin 𝜃𝑅 𝑒 𝑖𝛼𝑅

(𝜃𝑅 = 𝛽𝑅 − 𝛼𝑅 )

Furthermore
|𝑎𝑅 |2 + |𝑏𝐿 |2 = |𝑡𝐿 |2 |𝑎𝐿 |2 + |𝑟𝑅 |2 |𝑏𝑅 |2 + |𝑟𝐿 |2 |𝑎𝐿 |2 + |𝑡𝑅 |2 |𝑏𝑅 |2 + 2{(𝑡𝐿 𝑟𝑅 + 𝑟𝐿 𝑡𝑅 )𝑎𝐿 𝑏𝑅 }
= |𝑎𝐿 |2 (|𝑡𝐿 |2 + |𝑟𝐿 |2 ) + |𝑏𝑅 |2 (|𝑟𝑅 |2 + |𝑡𝑅 |2 ) + 2ℜ{(𝑡𝐿 ∗ 𝑟𝑅 + 𝑟𝐿 ∗ 𝑡𝑅 )𝑎𝐿 ∗ 𝑏𝑅 } ,
which results in:
ℜ{(𝑡𝐿 ∗ 𝑟𝑅 + 𝑟𝐿 ∗ 𝑡𝑅 )𝑎𝐿 ∗ 𝑏𝑅 } = 0
for all 𝑎𝐿 and 𝑏𝑅 . This restriction results in two more conditions:
𝜃𝐿 = −𝜃𝑅 = 𝜃,

𝛽𝐿 + 𝛽𝑅 = 𝛼𝐿 + 𝛼𝑅

Which allow us to eliminate one more amplitude and one phase. We now have:
𝑐𝑜𝑠(𝜃𝐿 ) = 𝑐𝑜𝑠(𝜃) = 𝑡 ,

cos(𝜃𝑅 ) = cos(−𝜃) = 𝑡

𝑠𝑖𝑛(𝜃𝐿 ) = 𝑠𝑖𝑛(𝜃) = 𝑟 ,

sin(θR ) = sin(−θ) = − r

With 𝑟 2 + 𝑡 2 = 1
𝑠11 = 𝑡𝐿 = 𝑡 𝑒 𝑖𝛽𝐿 ,

𝑠12 = 𝑟𝑅 = −𝑟 𝑒 𝑖(𝛽𝐿+𝛽𝑅−𝛼𝐿)

𝑠21 = 𝑟𝐿 = 𝑟 𝑒 𝑖𝛼𝐿 ,

𝑠22 = 𝑡𝑅 = 𝑡 𝑒 𝑖𝛽𝑅

The scattering and transfer matrices can then be written as follows:
𝑖𝛽𝐿

𝐒 = ( 𝑡 𝑒 𝑖𝛼
𝑟𝑒 𝐿

−𝑟 𝑒 𝑖(𝛽𝐿+𝛽𝑅−𝛼𝐿) )
𝑡 𝑒 𝑖𝛽𝑅

and

𝐓=

𝑒 −𝑖𝛽𝐿
𝑡

( 1𝑖𝛼
𝑟𝑒 𝐿

𝑟 𝑒 𝑖(𝛽𝐿 +𝛽𝑅−𝛼𝐿) )
𝑒 𝑖(𝛽𝐿+𝛽𝑅)

Note that:
|𝑡𝐿 | = |𝑡𝑅 | = 𝑡
|𝑡11 | = |𝑡22 |

and
and

|𝑟𝐿 | = |𝑟𝑅 | = 𝑟
|𝑡12 | = |𝑡21 |

det𝐒 = 𝑒 𝑖(𝛽𝑅+𝛽𝐿)

and

det𝐓 = 1

and
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If there is a relative phase ∅ between the left and right incident fields, the above conservation of
energy condition ℜ{(𝑡𝐿 ∗ 𝑟𝑅 + 𝑟𝐿 ∗ 𝑡𝑅 )𝑎𝐿 ∗ 𝑏𝑅 } = 0 can be written as:
ℜ{(𝑡𝐿 ∗ 𝑟𝑅 + 𝑟𝐿 ∗ 𝑡𝑅 )𝑒 𝑖∅ } = 0
𝑇𝐿 + 𝑅𝐿 = 1

with

𝑇𝐿 = |𝑡𝐿 |2 ,

where

,

𝑇𝑅 + 𝑅𝑅 = 1

𝑅𝐿 = |𝑟𝐿 |2 ,

𝑇𝑅 = |𝑡𝑅 |2 ,

( 2-1a )
( 2-1b )
𝑅𝑅 = |𝑟𝑅 |2

A second physical principle, that of reciprocity, adds more restrictions.

Figure 2-3: (a) Unity input from the left results in outgoing transmitted and reflected waves. (b) Reversing the
direction of time such that the outgoing waves become incoming waves (and their amplitudes are thus conjugated).
The outgoing waves now must be the incoming waves in (a); that is unity on the left and zero on the right.

As shown in Fig. 2-3, reciprocity implies that reversing the arrow of time should reverse the
directions of all the waves without changing the amplitudes. This principle imposes the
following two conditions,
0 = t L ∗ rR +𝑟𝐿 ∗ 𝑡𝐿 ,

1 = t L ∗ t R + |𝑟𝐿 |2

Consequently,
𝛽𝐿 = 𝛽𝑅 = 𝛽  2𝛽 = 𝛼𝐿 + 𝛼𝑅 + 𝜋
The form of S and T under the combined conditions of conservation of energy and reciprocity is,
𝑖𝛽

𝑺 = ( 𝑡 𝑒𝑖𝛼
𝑟𝑒 𝐿

−𝑟 𝑒 𝑖(2𝛽−𝛼𝐿) )
𝑡 𝑒 𝑖𝛽

and

𝑻=

𝑒 −𝑖𝛽
𝑡

( 1𝑖𝛼
𝑟𝑒 𝐿

𝑟 𝑒 𝑖(2𝛽−𝛼𝐿) )
𝑒 𝑖2𝛽

( 2-2 )

∗
∗
Note that det𝐒 = 𝑒 𝑖2𝛽 while det𝐓 = 1 . As a result, we have t L = t R , |𝑟𝐿 | = |𝑟𝑅 | , 𝑡11 = 𝑡22
, 𝑡12 = 𝑡21
.
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Finally, if the system is symmetric, i.e., the left and right may be seamlessly interchanged, then
𝛼 𝐿 = 𝛼𝑅 = 𝛼
𝑺 = 𝑒 𝑖𝛽 (

𝑡

𝑟𝑒

−𝑖(𝛽−𝛼𝐿 )

𝛽𝐿 = 𝛽𝑅 = 𝛽

−𝑟𝑒 𝑖(𝛽−𝛼𝐿) ) = 𝑒 𝑖𝛽 ( 𝑡
𝑖𝑟
𝑡

and

𝜋

𝛽=𝛼+2

𝑖𝑟
) and 𝑟 2 + 𝑡 2 = 1, where r and t are real.
𝑡

That is, in a lossless symmetric system the reflection and transmission coefficients are in
quadrature such that ℜ{(𝑡𝐿 ∗ 𝑟𝐿 )} = 0 . If fields are incident from the left and right with relative
amplitude 𝛿 = |𝛿|𝑒 𝑖∅ , which we term hereon two-sided incidence [Fig. 1-1(b)], then the
normalized fields to the right and left are 𝑡1 =

𝑡𝐿 +𝛿𝑟𝑅
√1+|𝛿|2

and 𝑡2 =

𝑟𝐿 +𝛿𝑡𝑅
√1+|𝛿|2

, respectively, with

𝑇1 = |𝑡1 |2 and 𝑇2 = |𝑡2 |2 .
In considering lossy systems, the conditions in Eq. 2-1 are no longer satisfied. First, since
𝑇𝐿 + 𝑅𝐿 ≤ 1 and 𝑇𝑅 + 𝑅𝑅 ≤ 1 , we define left and right absorbtivities 𝒜𝐿 = 1 − {𝑇𝐿 + 𝑅𝐿 }
and 𝒜𝑅 = 1 − {𝑇𝑅 + 𝑅𝑅 } , respectively (in general, 𝒜𝐿 ≠ 𝒜𝑅 ). That is, 𝒜𝐿 and 𝒜𝑅 are the
fractions of light absorbed upon left or right incidence, respectively, which we term one-sided
absorption. Furthermore, we no longer have ℜ{(𝑡𝐿 ∗ 𝑟𝑅 + 𝑟𝐿 ∗ 𝑡𝑅 )𝑒 𝑖∅ } = 0 , and in the case of a
symmetric system ℜ{(𝑡𝐿 ∗ 𝑟𝐿 )} ≠ 0 .
For two-sided incidence on a lossy system, due to interference, the total absorbtivity
𝒜 𝑇 = 1 − {𝑇1 + 𝑇2 } may not be equal to the weighted sum of 𝒜𝐿 and 𝒜𝑅 . For a symmetric
system (𝒜𝐿 = 𝒜𝑅 ), the total absorptivity 𝒜 𝑇 is derived as follows:
𝒜𝐿 = 1 − |𝑟𝐿 |2 − |𝑡𝐿 |2

( 2-3 )

𝒜 𝑇 = 1 − |𝑡1 |2 − |𝑡2 |2

( 2-4 )

=1−(

𝑡𝐿 +𝛿𝑟𝑅

2

) −(
2

√1+|𝛿|

𝑟𝐿 +𝛿𝑡𝑅

2

) ,
2

√1+|𝛿|

|𝑡𝑅 | = |𝑡𝐿 | , |𝑟𝑅 | = |𝑟𝐿 |
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4|𝛿|

= 1 − |𝑟𝐿 |2 − |𝑡𝐿 |2 − 1+|𝛿|2 ℜ{(𝑡𝐿 ∗ 𝑟𝐿 )} cos ∅
4|𝛿|

𝒜 𝑇 = 𝒜𝐿 − 1+|𝛿|2 ℜ{(𝑡𝐿 ∗ 𝑟𝐿 )} 𝑐𝑜𝑠 ∅

( 2-5 )

This equation indicates that two-sided absorption may be larger or smaller than that expected
from one-sided absorption – according to the relative phase 𝜙 of the two beams and the phase
𝜃 = 𝛽 − 𝛼 , (𝛼 = 𝛼𝐿 ) , of the interference term ℜ{(𝑡𝐿 ∗ 𝑟𝐿 )} This term is normally equal to zero
in lossless systems, but may become non-zero when loss is introduced. This absorptionmediated interference effect, the second term in Eq. 2-5, is what enables CPA. It is important to
note that the interference occurs outside the system, just as in the Mach-Zehnder example in
Fig. 1-2(a). The normally uncoupled or orthogonal fields in the Hermitian case, ℜ{(𝑡𝐿 ∗ 𝑟𝐿 )} = 0,
are now coupled through the mediation of the introduced loss.
We can now determine the general criteria for achieving maximal CPA, 𝒜 𝑇 = 1. From
Eq. 2-5, such a goal requires simultaneously satisfying the following conditions:
(I) |𝜹| = 𝟏 ,

(II) 𝒄𝒐𝒔 𝜽 𝒄𝒐𝒔 𝝓 = −𝟏 ,

(III) |𝒓𝑳 | = |𝒕𝑳 |

( 2-6 )

|δ| and ϕ are set by the incident fields, while θ, |𝑟𝐿 |, and |𝑡𝐿 | are set by the system
characteristics. These conditions correspond in fact to one of the eigenvalues of S being zero,
signifying a ‘dark’ eigenstate {(𝑜𝑢𝑡𝑝𝑢𝑡) = 𝐒(𝑖𝑛𝑝𝑢𝑡) = (0)(𝑖𝑛𝑝𝑢𝑡) = (0)} that is completely
absorbed by the system. Condition (II) requires that (𝜃, ∅) = (0, 𝜋) or (𝜃, ∅) = (𝜋, 0) .
Condition (III) indicates that a strongly reflecting or transmitting system is not optimal. Instead,
we need to arrange for equal reflection and transmission coefficients.
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It is crucial to appreciate that the above analysis is independent of any details of the 1D
optical system. The conditions in Eq. 2-6 provide a general recipe for constructing a device
demonstrating CPA. The typical scenario envisioned is to start from a material or structure that
exhibits low intrinsic loss and to then construct around it a lossless system that enables CPA.
Equation 2-6 may then be used to optimize the CPA effect and reach 𝒜 𝑇 = 1 .
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3. MODEL FOR BROADBAND CPA
We now analyze a specific model system to highlight the utility of these results. Figure 3-1
depicts a FP resonator consisting of two mirrors M1 and M2 that sandwich a dielectric layer of
thickness d and complex refractive index 𝑛 + 𝑖𝑛′ (positive 𝑛′ corresponds to loss).

Figure 3-1: Schematic of a symmetric FP cavity formed of mirrors M1 and M2 sandwiching a lossy dielectric. The left
and right panels depict the one- and two-sided-incidence configurations, respectively.
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3.1. Symmetric FP resonator

The mirrors are identical, lossless but not necessarily symmetric, each has the scattering matrix
𝑺𝑴 = 𝑒 𝑖𝛽 (

𝑡

𝑟𝑒 −𝑖(𝛽−𝛼)

−𝑟𝑒 𝑖(𝛽−𝛼) ) , 𝑟 2 + 𝑡 2 = 1 , 𝛼 and 𝛽 are the phases for transmission
𝑡

and reflection from the left, respectively, and the mirrors are arranged to produce a symmetric
cavity. Here 𝐫 is the reflection coefficient for incidence from the dielectric layer material.

The transfer matrix representation of the above arrangement is as follows:

Figure 3-2: Equivalent representation of the FP cavity using transfer matrices

If the complex refractive index of the dielectric layer is 𝑛d = 𝑛 + 𝑖𝑛′, where the positive sign of
the imaginary part 𝑛′ corresponds to absorption, then the fraction of light absorbed after a
′

single pass in a layer of thickness 𝑑 is 𝓐 = 𝟏 − 𝒆−𝟐𝒌 𝒅 , 0 ≤ 𝒜 ≤ 1, where 𝑘′ =

2𝜋
𝜆

the free-space wavelength.
𝑻 = 𝑻𝑀1 𝑻𝑑 𝑻𝑀2 = 𝑻1′ 𝑻𝑑 𝑻1 ,
=

𝑒 −𝑖2𝛽
𝑡2

1

(
−𝑟 𝑒 𝑖(2𝛽−𝛼)

⃗

−𝑖𝒌𝑑
𝑻𝑑 = (𝑒
0

𝑒

0 ),

⃗𝑑
𝑖𝒌

′

− 𝑟 𝑒 𝑖𝛼 ) (𝑒 𝑘 𝑑−𝑖𝑘𝑑
𝑒 𝑖2𝛽
0

0

𝑒

−𝑘 ′ 𝑑+𝑖𝑘𝑑

⃗ = 𝜔 𝑛 − 𝑖 𝜔 𝑛′ = 𝑘 − 𝑖𝑘 ′
𝒌
𝑐
𝑐
) ( 1𝑖𝛼
𝑟𝑒

Obtaining the following components of the total transfer function:
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𝑟 𝑒 𝑖(2𝛽−𝛼) )
𝑒 𝑖2𝛽

𝑛′ and 𝜆 is

𝑡11 =
𝑡12 =

𝑒 −𝑖2𝛽
𝑡2
𝑒 −𝑖2𝛽
𝑡2

𝑡21 = −
𝑡22 =

𝑒 −𝑖𝑘𝑑 {𝑒 𝑘

𝑡2

′

− 𝑟 2 𝑒 −𝑘 𝑑 𝑒 𝑖(2𝑘𝑑+2𝛼) }

𝑒 −𝑖𝑘𝑑 𝑒 𝑖(2𝛽−𝛼) {𝑒 𝑘

𝑒 −𝑖2𝛽
𝑡2

𝑒 𝑖2𝛽

′𝑑

′𝑑

𝑒 −𝑖𝑘𝑑 𝑒 𝑖(2𝛽−𝛼) {𝑒 𝑘

𝑒 𝑖𝑘𝑑 {𝑒 −𝑘

′𝑑

′

− 𝑒 −𝑘 𝑑 𝑒 𝑖(2𝑘𝑑+2𝛼) }
′𝑑

′

− 𝑒 −𝑘 𝑑 𝑒 𝑖(2𝑘𝑑+2𝛼) }

′

− 𝑟 2 𝑒 𝑘 𝑑 𝑒 −𝑖(2𝑘𝑑+2𝛼) }

∗
Note that 𝑡11 ≠ 𝑡22
and det𝐓 ≠ 1 .

The scattering elements can now be obtained:
𝑡𝐿 = 𝑡 2 𝑒 𝑖(2𝛽−𝛼)

𝑒 𝑖(𝑘𝑑+2𝛼)
′
′
𝑒 𝑘 𝑑 −𝑟 2 𝑒 −𝑘 𝑑 𝑒 𝑖(2𝑘𝑑+2𝛼)
′

𝑟𝐿 = −𝑟𝑒

𝑖(2𝛽−𝛼)

= (1 − 𝑅)𝑒 𝑖(2𝛽−𝛼)

𝑒 𝑖(𝑘𝑑+2𝛼)
′
′
𝑒 𝑘 𝑑 −𝑅𝑒 −𝑘 𝑑 𝑒 𝑖(2𝑘𝑑+2𝛼)

′

′

𝑒 𝑘 𝑑 − 𝑒 −𝑘 𝑑 𝑒 𝑖(2𝑘𝑑+2𝛼)
′
′
𝑒 𝑘 𝑑 − 𝑟 2 𝑒 −𝑘 𝑑 𝑒 𝑖(2𝑘𝑑+2𝛼)

= −√𝑅𝑒

𝑖(2𝛽−𝛼)

′

𝑒 𝑘 𝑑 − 𝑒 −𝑘 𝑑 𝑒 𝑖(2𝑘𝑑+2𝛼)
′
′
𝑒 𝑘 𝑑 − 𝑅𝑒 −𝑘 𝑑 𝑒 𝑖(2𝑘𝑑+2𝛼)

t R = t L , rR = rL , R is the power reflection for incidence from the dielectric layer material
The power transmission and reflection are:
(1 − R)2
TL = 2𝑘 ′ 𝑑
′
𝑒
+ 𝑅 2 𝑒 −2𝑘 𝑑 − 2𝑅 cos(2𝑘𝑑 + 2𝛼)
𝑒 2𝑘

′𝑑

′

+ 𝑒 −2𝑘 𝑑 − 2 cos(2𝑘𝑑 + 2𝛼)
R L = 𝑅 2𝑘 ′ 𝑑
′
𝑒
+ 𝑅 2 𝑒 −2𝑘 𝑑 − 2𝑅 cos(2𝑘𝑑 + 2𝛼)
On resonance, we have 2𝑘𝑑 + 2𝛼 = 2𝑚𝜋, where 𝑚 = 1,2,3, ⋯, and the power reflection and
transmission coefficients are
𝑇L = (

1−𝑅

′
′
𝑒 𝑘 𝑑 −𝑅𝑒 −𝑘 𝑑

2

2 sinh 𝑘 ′ 𝑑

) , 𝑅L = 𝑅 (

′
′
𝑒 𝑘 𝑑 −𝑅𝑒 −𝑘 𝑑

2

) .

Due to absorption inside the cavity, TL + R L ≠ 1 . Instead, TL + R L = 1 − 𝒜𝐿 , where 𝒜𝐿 is the
one-sided absorption:
1+𝑅(1−𝒜)

𝒜𝐿 = 𝒜(1 − 𝑅) {1−𝑅(1−𝒜)}2 ,

′

(𝓐 = 𝟏 − 𝒆−𝟐𝒌 𝒅 = single pass absorption)

To find the mirror reflectivity that optimizes 𝒜L , we set
𝑅 = 𝑅 (1) =

′
3−𝑒 2𝑘 𝑑
′
3−𝑒 −2𝑘 𝑑

2−3𝒜

= (1−𝒜)(2+𝒜)
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𝑑𝒜L
𝑑𝑅

= 0 and solve for

(𝑚)

The optimal one-sided absorption is thus 𝒜𝐿

1

= 2 cosh2 𝑘′𝑑.

The two-sided absorption coefficient is (equation 2-5) :
4|𝛿|

𝒜 𝑇 = 𝒜𝐿 − 1+|𝛿|2 ℜ{(𝑡𝐿 ∗ 𝑟𝐿 )} 𝑐𝑜𝑠 ∅
1
On resonance when |𝑎| = |𝑏| = √2
, (|𝛿| = 1) , 𝒜 𝑇 is given by

𝒜 𝑇 = 𝒜L + 2(−1)𝑚 cos ∅

𝒜(1 − 𝑅)√𝑅(1 − 𝒜)
{1 − 𝑅(1 − 𝒜)}2

If we set ∅ = 0 or 𝜋, then (−1)𝑚 cos ∅ = ±1, and 𝒜T becomes
1 ± √𝑅(1 − 𝒜)
𝒜T = 𝒜(1 − 𝑅) {
}
1 − 𝑅(1 − 𝒜)
To optimize 𝒜T , we set
𝑅 = 𝑅 (2) = 𝑒 −2𝑘

′𝑑

𝑑𝒜T
𝑑𝑅

2

= 0 and solve for

= 1 − 𝒜,
(𝑚)

upon which the optimal two-sided absorption is 𝒜 𝑇

=

1±(1−𝒜)
2−𝒜

.

The plus sign (corresponding to only half of the resonances, of either even or odd order)
results in the ‘dark state’ 𝒜T = 1 and CPA is achieved. The negative sign (corresponding to
𝒜

the other half of the resonances) results in 𝒜T = 2−𝒜 = tanh 𝑘′𝑑, which is the remnant
absorption in the ‘bright state’. When 𝑅 = 𝑅 (2) , one-sided absorption is sub-optimal at
1

𝒜L = 1 − 2 sech2 𝑘 ′ 𝑑.
Disregarding dispersion in 𝑅 , 𝑛 and 𝑛′ , Figure 3-3 illustrates transmission and reflection
resonances for the first four resonance orders for one-sided and two-sided incidence.
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Figure 3-3: (a) One-sided transmission 𝑇𝐿 and reflection 𝑅𝐿 coefficients against normalized frequency showing the
𝜋𝑐
first four resonances; 𝜔0 = , m is the resonance order , n’ = 0.003, and R = 0.9. (b) Two-sided transmission 𝑇1 ,
𝑛𝑑
with |𝛿| = 1. Top and bottom panels show 𝑇1 for ϕ = π (achieving CPA for odd-m resonances) and ϕ = 0 (for even-m
resonances), respectively. The results for 𝑇2 in both cases are identical to 𝑇1 since the system is symmetric. (c) Onesided absorption 𝒜𝐿 = 1 − {𝑇𝐿 + 𝑅𝐿 }. The height of the two resonances m = 2, 4 are highlighted for reference. (d)
Two-sided absorption 𝒜 𝑇 = 1 − {𝑇1 + 𝑇2 }. The contributions of 𝒜𝐿 (dashed arrows) and CPA (solid arrows) to the
m = 2 and m=4 resonances are highlighted.

Increasing the intrinsic losses 𝑘 ′ 𝑑 does not necessarily increase 𝒜𝐿 . Surprisingly,
increasing 𝑛′ indefinitely decreases absorption. The reason is that light transmitted through M1
fails to reach M2, thereby disrupting the FP interference. Consequently, the reflected fraction
𝑅𝐿 ≈ 𝑅 of light from M1 remains undiminished and 𝒜𝐿 → 1 − 𝑅 ≈ 0. This result suggests the
following question: for a given value of 𝑘 ′ 𝑑 (especially 𝑘 ′ 𝑑 ≪ 1 ), what is the maximum one-
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(𝑚)

sided absorption 𝒜𝐿 that may be achieved in this structure?

(𝑚)

Figure 3-4: (a) The maximal one-sided absorption 𝒜𝐿 and optimal mirror reflectivity 𝑅(1) that produces it for a
′
given value of 𝑘 ′ 𝑑. The dashed red curve 𝒜 corresponds to the single-pass absorption1 − 𝑒 −2𝑘 𝑑 . The shaded
′
(𝑚)
region corresponds to 𝑒 2𝑘 𝑑 > 3 , a regime in which it is optimal to set 𝑅(1) = 0 , resulting in 𝒜𝐿 = 𝒜 𝑇 = 𝒜.
(b) The maximal two-sided absorption 𝒜𝑡 = 1 (CPA), the optimal mirror reflectivity 𝑅 (2) that produces it for a given
value of 𝑘 ′ 𝑑, and the corresponding 𝒜𝐿 .

(𝑚)

It was shown above that 𝒜𝐿
reflectivity 𝑅 (1) =

′
3−𝑒 2𝑘 𝑑
′
3−𝑒 −2𝑘 𝑑

1

1

= 2 𝑐𝑜𝑠ℎ2 𝑘 ′ 𝑑 ≥ 2 on resonance when mirrors having dispersive

are used – a condition that applies only when 𝑒 2𝑘
2

′𝑑

< 3 [Fig. 3-

2

4(a)], or equivalently 0 < 𝒜 ≤ 3 , at the end of which 𝒜𝐿 = 𝒜 = 3 . Therefore, even in the
limit 𝑘 ′ 𝑑 ≪ 1 , one may still achieve at least 50% absorption on resonance, no matter how low
the intrinsic absorption 𝒜 is. As 𝑘 ′ 𝑑 increases, the mirror reflectivity needed to optimize onesided absorption decreases. When 𝑒 2𝑘
𝑒 −2𝑘

′𝑑

′𝑑

(𝑚)

< 3, the optimal one-sided absorption 𝒜𝐿

=1−

is achieved with 𝑅 (1) = 0 ; that is, adding the mirrors does not improve the absorption

above that of a single pass.

17

Consider now two-sided incidence [Fig. 3-1(ii); |𝛿| = 1] where the total absorption 𝒜 𝑇
[Eq. 2-5] is the sum of 𝒜𝐿 [Eq. 2-3] and an absorption-mediated interference term:
−2ℜ{(𝑡𝐿 ∗ 𝑟𝐿 )} =

4√𝑅
1−𝑅

(−1)𝑚 𝑇𝐿 𝑠𝑖𝑛ℎ 𝑘 ′ 𝑑

( 3-1 )

where m = 1, 2, . . . is the resonance order, resulting in either even-m or odd-m resonances
having enhanced absorption [Fig. 3-3(d)]. It is straightforward to show that maximal CPA [Eq. 31] is achieved on resonance when 𝑅 (2) = 𝑒 −2𝑘
1

(𝑚)

not maximize 𝒜𝐿 = 1 − 2 𝑠𝑒𝑐ℎ2 𝑘 ′ 𝑑 ≤ 𝒜𝐿

′𝑑

= 1 − 𝒜 . However, this choice for 𝑅 (2) does

for a given 𝑘 ′ 𝑑, as shown in Fig. 3-4(a), but it

does ensure that 𝒜 𝑇 = 1. Finally, note that for 𝑘 ′ 𝑑 ≪ 1, 𝑅 (1) ≈ 𝑅 (2) ≈ 1 − 2𝑘 ′ 𝑑 , so that the
same mirror simultaneously optimizes 𝒜𝐿 and 𝒜 𝑇 .
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3.2. Asymmetric FP resonator
Instead of using two beams coupled to the two inputs of a symmetric FP cavity,
coherent perfect absorption may be realized in an asymmetric FP cavity with a perfect second
mirror.
Referring to Figure 3-1, we consider now the case of a FP cavity with two different mirrors,
𝐓 = 𝐓M1(𝑎) 𝐓d 𝐓M2(𝑎) = 𝐓1′ 𝐓d 𝐓2
=

𝑒 −𝑖(𝛽1 +𝛽2 )
𝑡1 𝑡2

(

1
−𝑟1 𝑒 𝑖(2𝛽1 −𝛼1 )

− 𝑟1 𝑒 𝑖𝛼1 𝑒 𝑘 ′ 𝑑−𝑖𝑘𝑑
)(
𝑒 𝑖2𝛽1
0

0

𝑒

)(
−𝑘 ′ 𝑑+𝑖𝑘𝑑

1
𝑟2 𝑒 𝑖𝛼2

𝑟2 𝑒 𝑖(2𝛽2 −𝛼2 )
)
𝑒 𝑖2𝛽2

Where 𝑟1 and 𝑟2 are the reflection coefficients for incidence from the dielectric layer material.
Obtaining the following components of the total transfer function:
𝑡11 =
𝑡12 =
𝑡21 =
𝑡22 =

𝑒 −𝑖(𝛽1 +𝛽2 )
𝑡1 𝑡2
𝑒 −𝑖(𝛽1 +𝛽2 )
𝑡1 𝑡2
𝑒 −𝑖(𝛽1 +𝛽2 )
𝑡1 𝑡2
𝑒 𝑖(𝛽1 +𝛽2 )
𝑡1 𝑡2

𝑒 −𝑖𝑘𝑑 {𝑒 𝑘

′𝑑

′

− 𝑟1 𝑟2 𝑒 −𝑘 𝑑 𝑒 𝑖(2𝑘𝑑+𝛼1 +𝛼2 ) }

𝑒 −𝑖𝑘𝑑 𝑒 𝑖(2𝛽2 −𝛼2 ) {𝑟2 𝑒 𝑘

′𝑑

𝑒 −𝑖𝑘𝑑 𝑒 𝑖(2𝛽1 −𝛼1) {−𝑟1 𝑒 𝑘

𝑒 𝑖𝑘𝑑 {𝑒 −𝑘

′𝑑

′

− 𝑟1 𝑒 −𝑘 𝑑 𝑒 𝑖(2𝑘𝑑+𝛼1 +𝛼2) }
′𝑑

′

+ 𝑟2 𝑒 −𝑘 𝑑 𝑒 𝑖(2𝑘𝑑+𝛼1 +𝛼2) }

′

− 𝑟1 𝑟2 𝑒 𝑘 𝑑 𝑒 −𝑖(2𝑘𝑑+𝛼1 +𝛼2 ) }

∗
Note that 𝑡11 ≠ 𝑡22
and det𝐓 ≠ 1 .

The amplitude transmission and reflection coefficients are then given by:
𝑡𝐿 = 𝑡1 𝑡2 𝑒 𝑖(𝛽1 +𝛽2 )

𝑒 𝑖𝑘𝑑
𝑒𝑘

′𝑑
′

𝑟𝐿 = 𝑒

𝑟𝑅 =

𝑖(2𝛽1 −𝛼1 )

′

− 𝑟1 𝑟2 𝑒 −𝑘 𝑑 𝑒 𝑖(2𝑘𝑑+𝛼1 +𝛼2 )
′

−𝑟1 𝑒 𝑘 𝑑 + 𝑟2 𝑒 −𝑘 𝑑 𝑒 𝑖(2𝑘𝑑+𝛼1 +𝛼2)
′
′
ek d − 𝑟1 𝑟2 e−k d 𝑒 𝑖(2𝑘𝑑+𝛼1 +𝛼2 )

′
′
𝑟 𝑒 𝑘 𝑑 − 𝑟1 𝑒 −𝑘 𝑑 𝑒 𝑖(2𝑘𝑑+𝛼1 +𝛼2 )
𝑖(2𝛽2 −𝛼2 ) 2
𝑒
′
′
ek d − 𝑟1 𝑟2 e−k d 𝑒 𝑖(2𝑘𝑑+𝛼1 +𝛼2 )
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(𝑎)

𝑀2

is perfect mirror → 𝑡2 = 0, |𝑟2 | = 1

The power transmission and reflection coefficients are given by:

TL = 0
RL =

𝑅1 𝑒 2𝑘

′𝑑

+ 𝑒 −2𝑘

′

′𝑑

− 2√𝑅1 cos(2𝑘𝑑 + 𝛼1 + 𝛼2 )

′

e2k d + 𝑅1 e−2k d − 2√𝑅1 cos(2𝑘𝑑 + 𝛼1 + 𝛼2 )

RR = 1

On resonance, we have 2𝑘𝑑 + 𝛼1 + 𝛼2 = 2𝑚𝜋, where 𝑚 = 1,2,3, ⋯, and the power reflection
and transmission coefficients are
TL = 0
𝑅1 𝑒 2𝑘

′𝑑

+ 𝑒 −2𝑘

′𝑑

′

′

√𝑅1 𝑒 𝑘 𝑑 − 𝑒 −𝑘 𝑑
RL =
=
(
)
′
′
′
′
e2k d + 𝑅1 e−2k d − 2√𝑅1
ek d − √𝑅1 e−k d
− 2√𝑅1

2

Due to absorption inside the cavity, TL + R L ≠ 1 . Instead, TL + R L = 1 − 𝒜𝐿 , where 𝒜𝐿 is the
one-sided absorption (𝑅 = 𝑅1 ) :
𝒜𝐿 = 𝒜(1 − 𝑅)

(2−𝒜)
{1−√𝑅(1−𝒜)}

2

,

(𝒜 = 1 − 𝑒 −2𝑘

′𝑑

= single pass absorption)

To find the mirror reflectivity that optimizes 𝒜L , we set
𝑅 = 𝑅 (1) = (1 − 𝒜)2
(𝑚)

The optimal one-sided absorption is thus 𝒜𝐿
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= 1.

𝑑𝒜L
𝑑𝑅

= 0 and solve for

4. MULTILAYER MIRROR COMPUTATIONAL MODEL FOR NEAR-INFRARED CPA
After examining the idealized system illustrated in Fig. 3-3 in which we ignored
dispersion in 𝑅 , 𝑛 and 𝑛′ , we now proceed to a more detailed model consisting of two
symmetric multilayer mirrors sandwiching a layer of silicon (Si). While Si has high optical
absorption in the visible, its absorption drops rapidly in the infrared. Using the analysis
established above, we consider here whether we can achieve CPA in a 1𝜇𝑚-thick layer of Si in
the vicinity of 𝜆 = 1𝜇𝑚 where Si is only weakly absorbing and the single-pass absorption is 1 −
𝑒 −2𝑘

′𝑑

= 0.0064 using the optical parameters for Si in Ref. [13].

Figure 4-1: Optical parameters for Silicon.

We sandwich the Si thin layer between two Bragg mirrors [Fig. 4-2(b), inset] each
formed of 7 bilayers of SiO2 and TiO2 with refractive indices of 1.45 and 2.46 and thicknesses
172.4 and 101.6 nm, respectively [Fig. 4-2(a)], chosen such that the center of the bandgap is at
𝜆 = 1𝜇𝑚 [Fig. 4-2(b)] and the total device thickness is < 5𝜇𝑚. In Fig. 4-2(c) we plot the
spectral dependence of four relevant quantities for the full structure: the transmission 𝑇𝐿 ,
reflection 𝑅𝐿 , and absorption 𝒜𝐿 for incidence from the left, and the two-sided absorption 𝒜𝑡
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for two beams with |δ| = 1. Since 𝑅 is approximately equal at all resonances within the band
but 2𝑘 ′ 𝑑 drops rapidly in Si at longer wavelengths, 𝒜𝐿 < 0.5 and 𝒜𝑡 < 1 .
The strategy to remedy this situation is clear: replace the Bragg mirrors with others whose
reflection is low at the shorter wavelengths (where absorption in Si is higher) and high at longer
wavelengths (where absorption in Si drops). To optimize CPA in Si, a mirror with dispersive
reflection 𝑅 = 𝑒 −2𝑘

′𝑑

is required to replace the Bragg mirror. A design for such a mirror

(obtained using the package FilmStar, FTG Software) is shown in Fig. 4-2(d) consisting of 22
alternating layers of SiO2 and TiO2. This mirror’s reflection 𝑅, assuming left incidence from air
′

and a Si substrate on the right, is shown in Fig. 4-2(e), compared to the ideal target 𝑅 = 𝑒 −2𝑘 𝑑 .
By sandwiching a 1𝜇𝑚-thick Si film between two such mirrors symmetrically (total device
thickness is <7.9 𝜇𝑚), we now obtain a structure in which complete CPA is achieved within the
spectral range where the designed 𝑅 approaches the ideal target. We plot in Fig. 4-2(f)
𝑇𝐿 , 𝑅𝐿 , 𝒜𝐿 , and 𝒜𝑡 for this structure, and we confirm that CPA is indeed achieved within the
spectral range 750 – 1000 nm. Noteworthy is the dramatically increased number of resonances
with complete CPA for both one-sided and two-sided incidence. A subtle effect must be
1

stressed here. As shown in Fig. 4-2(f), 𝒜L ≥ 2 occurs for all the resonances when 𝑅 = 𝑅 (1) .
When 𝑅 = 𝑅 (2) (here 𝑅 (2) ≈ 𝑅 (1) ), however, we achieve 𝒜t = 1 at only half the resonances
1

since 𝒜t = 1 − 2 {1 − (−1)𝑚 cos 𝜑} sech2 𝑘 ′ 𝑑, where 𝑚 is the resonance order (see Chapter
3.1). This feature is not important when a single resonance is targeted, since we can always
1

achieve 𝒜2 = 1 and 𝒜1 ≥ 2 at a single wavelength simultaneously. However, when a broad
bandwidth is of interest, this result indicates, surprisingly, that one-sided incidence in a
22

symmetric structure yields a larger total absorption than two-sided incidence – with no need to
arrange for the interference of two beams. This feature is particularly interesting since it offers
experimental simplification and also facilitates the use of incoherent light.

Figure 4-2: (a) Layer thicknesses of a 7-bilayer Bragg mirror with central wavelength 1 μm. (b) Reflection of the
mirror in (a). Inset is a schematic of the overall structure under consideration; d=1 μm. (c) The four panels from top
to bottom correspond to the one-sided transmission TL, reflection RL, absorption AL, and two-sided absorption At,
respectively. (d) Layer thicknesses of a mirror designed to optimize CPA in Si in the near-infrared. (e) Reflection of
the mirror in (d), compared to the ideal design, assuming incidence from air from the left and a Si substrate on the
right. Inset shows R on a wider spectral range. (f) Same as in (c) with the mirror in (d) replacing the Bragg mirror.
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In this chapter we have presented a general model for CPA in 1D photonic structures
that establishes the general criteria for achieving maximal CPA. On this understanding, CPA is
an absorption-mediated interference effect that is normally forbidden in lossless systems, but is
allowed when conservation of energy is violated due to the inclusion of loss. Using this recipe
we have demonstrated that one may optimize near-infrared CPA in a thin silicon film placed in a
planar cavity. CPA is achieved in this lossy Fabry-Pérot cavity model only at its resonance
frequencies. Continuous broadband CPA, which would have important applications in solar
energy for example, cannot be accomplished with these means, and further research is
necessary to identify suitable mechanisms and structures for its demonstration. A promising
approach is described in Chapter 6.
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5. MULTILAYER MIRROR REALIZATION FOR NEAR-INFRARED CPA
We apply here the theory and methods derived in the previous chapters and show
experimentally that judicious engineering of the photonic environment of a thin film severs the
link between the effective optical absorption of the film and the intrinsic absorption of its
material. Using few-micron-thick aperiodic planar dielectric mirrors [Fig. 5-1], we demonstrate
spectrally flat, coherently enhanced absorption at the theoretical limit in a 2-micron-thick film
of polycrystalline silicon embedded in symmetric and asymmetric cavities. The material
presented in this chapter was developed as a team effort in the context of an article soon to be
submitted for publication in a major scientific journal [35].

Figure 5-1: (a) Left and right one-sided incidence on a generic 1D photonic structure (depicted as a slab). Here 𝑟𝐿
and 𝑡𝐿 are the field reflection and transmission coefficients for left incidence, and 𝑟𝑅 and 𝑡𝑅 are the corresponding
quantities for right incidence. (b) Two-sided incidence on a symmetric 1D structure. (c) One-sided incidence on an
asymmetric 1D structure. (d) One- and (e) two-sided incidence on a symmetric 1D cavity consisting of a thin film of
Si between two multilayer dielectric mirrors M1 and M2 (which has reversed-layer order). (f) One-sided incidence on
(𝑎)
(𝑎)
an asymmetric 1D cavity consisting of a thin film of Si between mirror 𝑀1 and 𝑀2 . (g) One-sided absorption
1
𝒜1 (𝜆) for the symmetric device in (d) with ideal mirrors; 𝒜1 = at all the resonances; 𝜔 is frequency and 𝜔𝐹 is the
2
frequency spacing of the cavity modes. (h) Two-sided absorption 𝒜2 (𝜆) for the symmetric device in (e) with ideal
mirrors; 𝒜2 = 1 at only half the resonances and 𝒜2 = 0 at the other half. Here, the two incident fields are equal in
(𝑎)
amplitude and have a fixed phase relationship. (i) One-sided absorption 𝒜1 for the asymmetric device in (f) with
(𝑎)
(𝑎)
(𝑎)
ideal front mirror 𝑀1 and unity-reflection back mirror 𝑀2 . Here, 𝒜1 = 1 at all the resonances.
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Inverse mirror design
We carried out the inverse design of the target mirror in a symmetric device 𝑅2 (𝜆) = 1 − 𝒜(𝜆)
(Fig. 5-2c) to optimize two-sided absorption, and simultaneously one-sided absorption for low
𝒜 (Fig. 5-2a), using the FilmStar software package (FTG Software Associates). This software
employs damped least-squares optimization to inversely synthesize the structure through
computing the derivatives (differential change in layer thickness) at each target reflectivity
point over the spectrum and iterative matrix inversion [20, 28]. Using lossless materials with
indices 𝑛L = 1.5 and 𝑛H = 2.45, we optimized the structure design iteratively while reducing
the number of layers 𝑁, to simplify fabrication and reduce the structure thickness. Employing
𝑁 = 13 layers for the mirrors M1 and M2 in a symmetric structure, with the sequence of
thicknesses shown in Fig. 5-5a, the resulting mirror has a reflectivity that approaches the target
over an octave of bandwidth in the NIR, ~ 800 − 1600 nm [Fig. 5-5b]. The thickness of this
mirror is ≈ 2.2 μm, resulting in a total device thickness of ≈ 2 × 2.2 + 2 = 6.4 μm. In contrast
to the Bragg condition, where the ratio of the layer thicknesses is in inverse proportion to the
ratio of their refractive indices, some of the high-refractive-index layers in our mirror design are
in fact thicker than some of their low-refractive-index counterparts. Allowing for more layers 𝑁,
and consequently a thicker device, enables more accurate approximation to the desired target
spectral reflectivity 𝑅(𝜆). The question of the robustness of this effect with respect to finite
fabrication tolerances in the construction of M1 compared to the ideal design naturally arises.
We present in Chapter 5.3. a quantitative study of the impact of relative and absolute errors in
layer thicknesses on 𝑅(𝜆), and the effect of deviations in 𝑅(𝜆) from the target design on 𝒜2 .
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Figure 5-2: Ideal mirror reflectivity to optimize one- and two-sided coherent absorption. (a) Theoretical model for
mirror reflectivities 𝑅1 and 𝑅2 in a symmetric cavity for optimal one- and two-sided absorption 𝒜1 (Fig. 5-1d) and
(𝑎)
(𝑎)
𝒜2 (Fig. 5-1e), respectively, and 𝑅1 for optimal one-sided absorption 𝒜1 in an asymmetric cavity (Fig. 5-1f) – all
2
versus single-pass absorption 𝒜. We highlight 𝒜 = 3 , the limit for coherent enhancement of absorption for onesided incidence in a symmetric cavity. (b) Measured single-pass absorption 𝒜 in a 2-μm-thick layer of
polycrystalline Si on a glass substrate (S) obtained by spectroscopic ellipsometry. The plot is rotated such that
wavelength is the vertical axis to align the horizontal axes in (a) and (b), both corresponding to 𝒜. (c)Targeted
(𝑎)
(𝑎)
𝑅1 (𝜆), 𝑅2 (𝜆), and 𝑅1 (𝜆) to optimize 𝒜1 , 𝒜2 , and 𝒜1 in the Si layer in (b), respectively. The mirror is on a glass
substrate (S) and light is incident from Si. Insets in (b) and (c) show the corresponding configurations schematically.
Three equally spaced wavelengths are selected in (b), from 800 nm to 1600 nm, and shown as solid or hollow
(𝑎)
colored circles for 𝒜2 , and 𝒜1 in the three panels, respectively. Dashed-dotted arrows are aids for the eye in
conveying the transformation from measured absorption to target mirror reflectivity.
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(a)
(a)
For asymmetric configurations, we designed a mirror M1 having reflectivity R1 (λ) =
(a)

[1 − 𝒜(λ)]2 (Fig. 5-7a-f) and a back reflector M2 having flat unity-reflectivity over the
(a)

(a)

bandwidth octave of interest (Fig. 5-7d-f). In this design, M1 (M2 ) consists of 14 (30)
alternating layers of materials with indices nL = 1.5 and nH = 2.45 and total thickness of 1.8
μm (4.5 μm). The total asymmetric device thickness is 8.3 μm. The sequences of layer
thicknesses for both mirrors are given in Fig. 5-7. Note that in both the symmetric and
asymmetric devices, the thicknesses of the mirrors are on the order of the thickness of the Si
layer itself, and they may be further reduced using higher-index-contrast materials [29].

Optical characterization of the polycrystalline Si used
Since the evaporated layer of polycrystalline Si is a critical component of the full devices
examined in this Chapter, whether symmetric or asymmetric, we present here the results of
optical measurements of such a film on a glass substrate. We have measured the complex
refractive index through spectroscopic ellipsometry (Fig. 5-3a,b), from which we estimate the
absorption and thus the transmission through such a film (Fig. 5-3c). These results are then
confirmed by direct measurement of thin-film transmission (Fig. 5-3d).
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Figure 5-3: Spectral measurements for Si. (a) Schematic of the Si layer on a glass substrate (S). (b) Measurement of
𝑛𝑟 and (c) 𝑛𝑖 versus wavelength obtained from spectroscopic ellipsometry measurements. (d) Calculated optical
2𝜋

spectral transmission 𝑇(𝜆) through a 2-μm-thick Si layer estimated from 𝑇 = 𝑒 −2 𝜆 𝑛𝑖𝑑 with the measured 𝑛𝑖 in (c),
𝑑 = 2 μm, and 𝜆 is the wavelength. Note that 𝒜 = 1 − 𝑇 was used in designing the mirrors in Fig. 5-5 / Chapter 5.1.
below. (e) Optical spectral transmission 𝑇(𝜆) through a 2-μm-thick Si layer on a glass substrate showing the
resonances in the thin Si film.

29

Device fabrication.
The full symmetric device structure (M1 + Si film + M2) was fabricated sequentially using
physical vapor deposition employing as high- and low-refractive-index dielectrics ZnSe (𝑛H =
2.45) and ThF4 (𝑛L = 1.5), respectively. First, alternating ZnSe and ThF4 layers are deposited
from resistive targets on BK7 substrates (refractive index 𝑛s = 1.52) to form M1; a 2-μm-thick
polycrystalline Si layer is added via e-beam evaporation; and, finally, M2 is deposited with the
reverse layer-order of M1. With the addition of a 1-mm-thick borosilicate glass slide after M2,
we obtain a symmetric structure. This fabrication sequence allowed us to isolate the individual
components that constitute the structure, the mirrors M1 and M2 and the Si layer, for
characterization. The measured spectral reflection and transmission from M1 (on the BK7
substrate) compared to transfer-matrix calculations is shown in Fig. 5-4c. Note that incidence is
from air in Fig. 5-5c, and not from Si as in Fig. 5-5b, which dramatically changes the spectral
reflection from this mirror.
(a)

A similar approach was followed to fabricate and characterize the asymmetric device (M1 + Si
(a)

(a)

film + M2 ). Mirror M1 was designed assuming incidence from air, and no extra glass slide is
(a)

(a)

required here. Measurements for M1 and M2 corresponding to those of M1 in Fig. 5-5a-c are
presented in Fig. 5-8a-c and Fig. 5-8d-f, respectively.

Thin-film deposition process for device fabrication
The coatings for the ZnSe/ThF4 multi-layer mirrors and the Si dielectric sandwiched between
them were fabricated at Quality Thin Films (QTF, Oldsmar, FL, USA). The coatings were
deposited using a combination of two vacuum chambers, both pumped to the desired
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environment using cryogenic pumps, typically a vacuum environment achieving a base nominal
pressure of 5 × 10−6 torr. Coating processes were of the physical vapor deposition (PVD) type,
using a combination of technologies: e-beam for Si (VPT Technologies VPT # 3000 GPOC 30 inch square vacuum chamber) and thermal evaporation resistive sources for ZnSe/ThF4 (DW
Industries DW-3 #21750 - 32 inch diameter steel bell jar vacuum chamber). Substrates were
prepared in a class-1000 clean room under class 100 HEPA filter flow.
Symmetric device: Starting from a BK7 substrate (25-mm-diameter, 3.2-mm-thick), the
sequence of layers shown in Fig. 5-5a is evaporated to produce mirror M1. Some samples are
removed from the chamber at this stage (and used to obtain the spectral reflectivity 𝑅(𝜆)
shown in Fig. 5-5c) and replaced with fresh substrates. The Si layer is evaporated, resulting in
S+M1+Si and S+Si layers, the latter of which are used to obtain the spectral single-pass
absorption curve 𝒜(𝜆) in Fig. 5-3d]. Some samples are removed from the chamber at this
stage. Finally, the reversed sequence of layers shown in Fig. 5-5a is evaporated to produce
mirror M2, resulting in S+M1+Si+M2, and S+M2 structures. To render the full structure
symmetric, a borosilicate slide (1-mm-thick) is placed on the final structure S+M1+Si+M2+S.
Asymmetric device: A similar process was used as described above for the symmetric device,
(a)

however starting with the deposition of mirror M2 on BK7 substrate, since the design assumed
(a)

incidence from air on mirror M1 .

One-sided absorption measurements
Light from a Tungsten lamp (Thorlabs QTH10; 50 mW, spectrum given in Fig. 5-4) is coupled into
a multimode fiber (50-μm-diameter core) using an achromatic doublet lens L1 with focal length
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𝑓 = 4 cm. Light exiting the fiber is collimated via a 𝑓 = 8 mm aspheric lens L2 to a 2-mmdiameter beam incident normally on the samples after traversing a 50/50 plate beam splitter
used to avoid multiple reflections that may occur in a cube beam splitter.

Figure 5-4: Spectrum of the tungsten source used in the device measurements.

The spectrum of the transmitted beam 𝑇sample (𝜆) is coupled via an achromatic doublet lens L3
with focal length 𝑓 = 3 cm to a 50-μm-diameter fiber and measured with an optical spectrum
analyzer, OSA (Advantest Q8381 A) at a resolution of 2 nm. The transmitted beam is normalized
with respect to the beam detected when the sample is removed from the optical path, 𝑇ref (𝜆).
The reflected beam is coupled to the OSA in the same way as the transmitted beam. The beam
reflected from the sample 𝑅sample (𝜆) is normalized with respect to the beam reflected from a
protected silver mirror 𝑅ref (𝜆) (Melles Griot, 02MPG-007/038; Thorlabs, PF10-03-P01). The
distances from the sample to F1 and F2 are kept the same in the transmission and reflection
arms, respectively. Finally, the reflection spectrum of the reference mirror 𝑅mirror (𝜆) was
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measured separately (without the beam splitter). The estimated spectral one-sided absorption
is 𝒜1 (𝜆) = 1 −

𝑇sample (𝜆)
𝑇ref (𝜆)

−

𝑅sample (𝜆)
𝑅ref (𝜆)

𝑅mirror (𝜆).

Impact of substrate change on mirror reflectivity
While the design methodology for obtaining 𝒜1 and 𝒜2 presupposes that incidence on mirror
M1 takes place from the cavity defect layer (Si here), in measurements, typically incidence is
from air. To convert the mirror reflectivity 𝑅 Si in the former to that of the latter 𝑅 air , it is more
convenient to use transfer matrices than scattering matrices. If the transfer matrix for incidence
from Si is 𝐓 Si and from air is 𝐓 air , it may be shown that they are connected through
1

𝐓 air = 2 (

1+𝑛
1−𝑛

1 − 𝑛 Si
)𝐓 ,
1+𝑛

where 𝑛 is the refractive index of Si, and the elements of the transfer matrix 𝐓 are related to
1 1
those of the scattering matrix 𝐒, through 𝐓 = 𝑡 (
L 𝑟L

−𝑟R
). As such, the reflection and
𝑡L 𝑡R − 𝑟L 𝑟R

transmission coefficients after changing the incident material are related through

𝑟Lair =

𝑟 air,Si +𝑟LSi

1+𝑟 air,Si 𝑟LSi

where 𝑟 air,Si =

1−𝑛
1+𝑛

,

𝑡Lair =

𝑡 air,Si 𝑡LSi

1+𝑟 air,Si 𝑟LSi

and 𝑡 air,Si =

2
1+𝑛

.

Using these relationships, one may predict the mirror reflectivity as measured for incidence
from air shown in Fig 5-5c from the theoretical model of mirror reflectivity for incidence from Si
shown in Fig. 5-5b.
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5.1. Symmetric FP resonator
Optical device characterization.
We now proceed to the optical characterization of the complete symmetric device (Fig. 5-6a,b)
in the one-sided-incidence configuration, carried out using the optical setup shown
schematically in Fig. 5-6c for normally incident light. Making use of a collimated incoherent
beam from a Tungsten lamp, we measure the transmission coefficient 𝑇L , normalized with
respect to the incident beam, and the reflection coefficient 𝑅L , normalized with respect to a
silver mirror, from which we determine the one-sided absorption 𝒜1 = 1 − 𝑅L − 𝑇L . These
measurements are in contradistinction to all reported CPA measurements, which have been
performed with coherent light.
We plot the measured values of 𝑅L , 𝑇L , and 𝒜1 as a function of wavelength in Fig. 5-6g-i
compared to the corresponding calculated quantities given in Fig. 5-6d-f obtained using the
transfer-matrix method. The spectral phase of reflection from M1, 𝛼(𝜆), and the refractive
index of Si, 𝑛Si (𝜆), determine the locations of the resonances through 𝛼(𝜆) +

2𝜋
𝜆

𝑛Si (𝜆)𝑑 = 𝑚𝜋

(the resonance order 𝑚 is an integer [31]). The strength of the resonances is set by the fidelity
of the achieved 𝑅 (for M1) to the target design (Fig. 5-2c). In our calculations, we made use of
the measured 𝑛Si (𝜆) (see Fig. 5-3 for ellipsometric measurements over the spectral range of
interest). In comparing the measurements and theoretical predictions of 𝑅L , 𝑇L , and 𝒜1 for the
symmetric device, we note that the greatest deviation is in the vicinity of 𝜆 = 1300 nm, where
the reflectivity of M1 departs from the target values (Fig. 5-5c). A similar deviation occurs at the
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short wavelength edge (~ 800 nm). In general, reaching the theoretical value of 𝒜1 = 0.5 at
any resonance is readily predicted by the proximity of 𝑅 to the target.
We have carried out one-sided-incidence measurements on the asymmetric device and
(a)

compared the measured and theoretically predicted values of 𝑅L , 𝑇L , and 𝒜1 over a full
(a)

spectral octave in Fig. 5-8. In contrast to 𝒜1 in Fig. 5-6, 𝒜1 is substantially larger than the
1

symmetric-device-limit of 𝒜1 ≥ 2. We also superimpose the measured single-pass absorption
(a)

𝒜 of Si (Fig. 5-2b) on the measured and predicted 𝒜1 . We note again that deviations from
(a)

achieving the theoretical limit of 𝒜1 = 1 are associated with inaccuracies in mirror
fabrication, which manifest themselves in differences between the target and measured
reflectivities. Our measurements in Fig. 5-5 / Fig. 5-7 and statistical calculations in Chapter 5.3.
indicate that there is ~ 5% error in the layer thicknesses of the fabricated mirrors. Reducing this
error to ~ 2%, which may be readily achieved by the optical thin-film industry, makes the
resulting deviations in mirror reflectivity have negligible impact on the effective absorption.
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Figure 5-5: Symmetric mirror design for optimized CPA. (a) Thicknesses of the layers in the designed mirror M1. The
layers start from air on the left (Si in the case of the full device) to the substrate on the right. (b) The calculated
spectral reflectivity 𝑅(𝜆) of the mirror M1 from (a) on a glass substrate S, solid curve, compared to the target
reflectivity, dashed curve, from Fig. 5-2c. Incidence is from the Si (see inset). (c) Calculated (solid curve) and
measured (dashed curve) reflectivity of the fabricated mirror M 1 on a glass substrate S for incidence from air (see
inset).
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Figure 5-6: Measurements and theory for coherent one-sided absorption in the ZnSe/ThF4 multilayer mirror
symmetric FP resonator. (a) Schematic of the full device structure: S+M1+Si+M2+S. (b) Photographs of 25-mmdiameter samples: mirror M1 (2.2-μm-thick), thin Si film (2-μm-thick), and the device M1+Si+M2 (6.4-μm-thick), all
on BK7 substrates. (c) Schematic of the optical measurement setup. (d)-(f) Theoretical predictions of the spectral
dependence of 𝑅𝐿 , 𝑇𝐿 , and 𝒜1 for the full S+M1+Si+M2+S structure obtained using transfer-matrix calculations, and
(h)-(j) the corresponding measured spectral dependence. The dotted horizontal lines correspond to the ideal
theoretical limits for optical coherent absorption in a symmetric structure for a one-sided-incidence configuration.
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5.2. Asymmetric FP resonator
(a)

(a)

(a)

In an asymmetric structure with mirrors M1 and M2 , if the reflectivity of M2 is unity, it was
(a)

(a)

shown in Chapter 3.2 that choosing the reflectivity of M1 to be 𝑅1 = (1 − 𝒜)2 indeed
(a)

eliminates reflection altogether and results in perfect one-sided absorption 𝒜1 = 1 .
(a)

Comparing 𝑅1

(a)

in Fig. 5-7b with 𝑅2 in Fig. 5-2c shows that 𝑅1 ≤ 𝑅2 , which is typically easier

to achieve from the perspective of fabrication. A critical advantage of this configuration is that
complete absorption is realized at all the resonances, such that twice the total absorption is
produced here for one-sided incidence compared to that realized in a symmetric structure in
the CPA condition for two-sided incidence.
We have carried out one-sided-incidence measurements on the asymmetric device and
(a)

compared the measured and theoretically predicted values of 𝑅L , 𝑇L , and 𝒜1 over a full
(a)

octave in Fig. 5-7. In contrast to 𝒜1 in Fig. 5-5, 𝒜1 is substantially larger than the symmetric1

device-limit of 𝒜1 ≥ 2. We also superimpose the measured single-pass absorption 𝒜 of Si (Fig.
(a)

5-2b) on the measured and predicted 𝒜1 .
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(𝑎)

Figure 5-7: Asymmetric mirror design for optimized CPA. (a) Thicknesses of the layers in the designed mirror 𝑀1 .
The layers start from air on the left (Si in the case of the full device) to the substrate on the right. (b) The calculated
(𝑎)
spectral reflectivity 𝑅(𝜆) of the design mirror 𝑀1 from (a) on a glass substrate S, solid curve, compared to the
target reflectivity, dashed curve, from Fig. 5-2c. Incidence is from the Si (see inset). (c) Calculated (solid curve) and
(𝑎)
measured (dashed curve) reflectivity of the fabricated mirror 𝑀1 on a glass substrate S for incidence from air (see
(𝑎)
inset). (d-f) same for ZnSe/ThF4 mirror 𝑀2 with total reflectivity.
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Figure 5-8: Measurements and theory for coherent perfect one-sided absorption in the ZnSe/ThF4 multilayer mirror
(𝑎)
(𝑎)
asymmetric FP resonator. (a) Schematic of the full device structure: 𝑀1 +Si+𝑀2 +S. (b)-(d) Theoretical predictions
(𝑎)
(𝑎)
(𝑎)
of the spectral dependence of 𝑅𝐿 , 𝑇𝐿 , and 𝒜1 for the full 𝑀1 +Si+𝑀2 +S structure obtained using transfer-matrix
calculations, and (e)-(g) the corresponding measurements. The dotted lines in (d) and (g) correspond to the singlepass absorption 𝒜 of a 2-μm-thick Si layer from Fig. 5-2b.
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5.3. Theoretical study of the design robustness
Accuracy of the mirror design
We present here the results of our statistical investigation of the impact of fabrication errors on
mirror reflectivity. We show an example in Fig. 5-9 where we show individual realizations at
three different members of ensembles with average errors

Δ𝑑
𝑑

of 5% and 10% compared to the

ideal case of 0% (the target design).
We examine two classes of fabrication errors: (1) percentile errors in layer thicknesses (Figs. 510, 5-11), and (2) absolute errors in layer thicknesses (Figs. 5-12, 5-13).

Effect of fabrication tolerances on multilayer film reflectivity

Figure 5-9: Effect of fabrication tolerances on multilayer film reflectivity. Two examples (from an ensemble of
statistical realizations) of the spectral reflectivity 𝑅(𝜆) of mirror M1 when random fabrication errors are introduced
into the layer thicknesses, corresponding to 𝛥𝑅 = 5% and 10% random errors in each layer thickness. In each case,
we assume that the errors have a uniform probability density function with width 𝛥𝑅. The mirror with 𝛥𝑅 = 0%
corresponds to the target mirror reflectivity in Fig. 5-5c in chapter 5.1 (incidence from air).
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Effect of fabrication tolerances of relative layer thicknesses on multilayer film reflectivity
Incidence from air:
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Figure 5-10: Solid thick line corresponds to the target 13-layer mirror M1 reflectivity 𝑅 for incidence from air.
∆𝑑
Overlaid are an ensemble of 100 realizations of 𝑅 in the presence of relative errors in the layer thicknesses (a) =
𝑑
1%, (b) 2%, (c) 5%, and (d) 10%. In each ensemble, the probability distribution for the thickness of each layer is
∆𝑑
taken to be uniform with a mean equal to the target thickness and full width equal to the above values of .
𝑑
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Effect of fabrication tolerances of relative layer thicknesses on multilayer film reflectivity
Incidence from Si:

Figure 5-11: Solid thick line corresponds to the target 13-layer mirror M1 reflectivity R for incidence from Si.
Overlaid are an ensemble of 100 realizations of R in the presence of relative errors in the layer thicknesses (a)
∆d/d=1%, (b) 2%, (c) 5%, and (d) 10%. In each ensemble, the probability distribution for the thickness of each layer
is taken to be uniform with a mean equal to the target thickness and full width equal to the above values of ∆d/d.
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Effect of fabrication tolerances of absolute layer thicknesses on multilayer film reflectivity
Incidence from air:

Figure 5-12: Solid thick line corresponds to the target 13-layer mirror M1 reflectivity 𝑅 for incidence from air.
Overlaid are an ensemble of 100 realizations of 𝑅 in the presence of absolute errors in the layer thicknesses (a)
∆𝑑 = 1 𝑛𝑚, (b) 5 𝑛𝑚, (c) 10 𝑛𝑚, and (d) 15 𝑛𝑚. In each ensemble, the probability distribution for the thickness of
each layer is taken to be uniform with a mean equal to the target thickness and full width equal to the above values
of ∆𝑑.
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Effect of fabrication tolerances of absolute layer thicknesses on multilayer film reflectivity
Incidence from Si:

Figure 5-13: Solid thick line corresponds to the target 13-layer mirror M1 reflectivity 𝑅 for incidence from Si.
Overlaid are an ensemble of 100 realizations of 𝑅 in the presence of absolute errors in the layer thicknesses (a)
∆𝑑 = 1 𝑛𝑚, (b) 5 𝑛𝑚, (c) 10 𝑛𝑚, and (d) 15 𝑛𝑚. In each ensemble, the probability distribution for the thickness of
each layer is taken to be uniform with a mean equal to the target thickness and full width equal to the above values
of ∆𝑑.
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Impact of number of mirror layers on reflectivity

Figure 5-14: a)-(d) The structure and reflectivity 𝑅 of the multilayer mirror M1 with (a) 𝑁 = 13, (b) 𝑁 = 17, (c) 𝑁 =
21, and (d) 𝑁 = 25 layers. In each panel we plot the sequence of layer thicknesses (top half) and also compare the
calculated 𝑅 assuming incidence from Si with respect to the ideal R from Fig. 5-4b (bottom half).
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5.4. Discussion
A milestone in the development of ultrabroad-bandwidth lasers [21] was the realization that
chirped mirrors [22,23] with spectrally flat reflection amplitude enable control over the cavity
dispersion via their spectral phase, which is necessary to produce ultrashort pulses. We have
shown here that in lossy cavities, the bandwidth of the CPA effect is increased through control
over the spectral amplitude of the mirror reflectivities and not the phase. By implementing this
principle, we have demonstrated coherent perfect absorption over a full octave of bandwidth
(~800 – 1600 nm) that is dramatically broader than previous experimental results. Plasmonics[15,16] and metamaterials-based [17] realizations have been restricted to a single wavelength,
while the Si-based experiment in Ref. [8] was carried out by tuning a continuous-wave laser
over a 3-nm bandwidth in a 100-μm-thick Si film.
We have focused here on optical absorption in Si, but our approach is applicable to any other
material that may be processed into a film. Resonant absorption in organic dyes, for example,
may also be exploited through the use of mirrors with a ‘dip’ in reflectivity corresponding to the
resonant ‘peak’ in absorption, as dictated by the design principle in Fig. 5-2a. Nevertheless,
there are practical limits for the extent to which this approach may be applied. Specifically,
layers with very small intrinsic absorption 𝒜 will require very high R and are less tolerant to
perturbations resulting from finite fabrication tolerances. Future efforts will be devoted to
addressing the challenge of extending the CPA effect to continuously cover the spectrum (a
promising approach is outlined in Chapter 6), essentially ‘filling in’ the gaps between the
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resonances – potentially by exploiting the concept of white light cavities [24] or optimizing the
mirror structure with respect to both the reflectivity amplitude and phase [33].

Our results demonstrate that the judicious design of the photonic environment in which a layer
of a lossy material is embedded allows one to controllably sever the link between the effective
optical absorption in a structure and the intrinsic absorption of the material from which it is
constructed. The bandwidth over which such control may be exercised is only limited by the
ultimate fabrication precision, and may extend for several octaves.
We have thus created the basis for a transformative method that helps address a host of critical
photonic challenges, including cost-effective harnessing of infrared solar energy, achieving flat
spectral sensitivity for photodetectors, and maximizing pump absorption in lasers using only
planar technology. The device design strategy we have presented may be readily extended to
on-chip implementations other than the planar structures reported here, which may relax the
materials constraints for efficient on-chip optical detection [25], strong-coupling with resonant
materials [26], and ultra-sensitive detection of pathogens [27].
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6. MODEL FOR CONTINUOUS RESONANCE BROADBAND CPA
In our analysis in Chapter 3 we have theoretically shown that the spectral locations of the
CPA resonances are affected by the phase α(λ) of the reflection from mirror M1. One way to
change the spectral phase α(λ) of the reflection from mirror M1 is to vary the incidence angle of
the incoherent light beam into the device. This effect was simulated computationally over a 90°
input span, see Fig. 6-1.

Figure 6-1: Absorption AL of the computational model in Chapter 3 over the near-infrared bandwidth as a function of the angle
of incidence of a beam of incoherent light.

Interestingly, with increasing angle of incidence the resonances migrate to the shorter
wavelength side of the spectrum, which is in opposition to the effect from conventional
diffraction gratings, where shorter wavelengths are diffracted less than longer ones.
The functional shapes of the wavelength-dependent absorption functions shown in Fig. 6-1 are
roughly cosine-shaped in the span of interest, see Fig. 6-2 below.
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Figure 6-2: Cosine approximation of the incidence-dependent absorption functions.

We have seen in the previous chapter that the number and strength of CPA resonances is
maximized in the asymmetric mirrors configuration of our experimental device. Improved
selections of mirror and dielectric materials may also improve the bandwidth coverage.
We have also theoretically shown that the spectral locations of the CPA resonances are affected
(a)

by the phase α(λ) of the reflection from mirror M1 . As Fig. 6-3 below shows, the asymmetric
device exhibits the additional advantage over the symmetric device, that the individual
resonant wavelengths expand into a series of thicker, almost continuous bands. The challenge
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facing us is to engineer a diffraction capability that will achieve broadening, as well as
compacting the CPA resonances.

Figure 6-3: Varying the incidence angle on the asymmetric device.

A recently published study [32] by England et al. describes how a new type of quasi-planar
grating, inspired by the reflective structure in the wings of the Pierella luna butterfly (see Fig. 64 and 6-5), may help us overcome the physical limitation of conventional gratings and allow us
to fill in the gaps in the CPA resonances by designing a reverse-diffraction grating geometry to
diffract the light incident into our device into a spectral distribution that compacts the bands
shown in Fig. 6-3 into a continuously maximized resonance band across the full octave.
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Figure 6-4: Optical properties of the curled scales in butterfly P. luna (see Grant England et al. PNAS
2014;111:15630-15634).
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Figure 6-5: Geometry and optical properties of the artificial photonic structure mimicking P. luna with vertically
oriented (Top) and tilted (Bottom) diffraction gratings (see Grant England et al. PNAS 2014;111:15630-15634).

The reverse diffraction achieved by the microdiffraction plates shown in Fig. 6-5 is described by
the grating equation:
𝜆=

𝑑
(cos(𝜃𝐼 − 𝛽) + cos(𝜃𝐷 − 𝛽))
𝑚

Where d is the grating periodicity, m is the diffraction order, 𝜃𝐼 is the light incidence angle, 𝜃𝐷 is
the diffraction angle, and 𝛽 is the tilt angle of the microplates relative to the surface normal.
In a follow-on study we will strive to use this novel diffraction grating concept to achieve
continuous broadband CPA.
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